Background: Despite similarities in mechanism and architecture, human DNA topoisomerase I (Top1) is ϳ100-fold more sensitive to camptothecin (CPT) than yeast Top1. Results: Reciprocal swaps of conserved and divergent protein domains alter chimeric Top1 activity. Conclusion: Conserved core and C-terminal domains dictate Top1 biochemical behavior and intrinsic CPT sensitivity. Significance: Interactions between nonconserved structural domains of Top1 impair cell viability, independent of enzyme catalysis.
During processes such as DNA replication and transcription, DNA topoisomerase I (Top1) catalyzes the relaxation of DNA supercoils. The nuclear enzyme is also the cellular target of camptothecin (CPT) chemotherapeutics. Top1 contains four domains: the highly conserved core and C-terminal domains involved in catalysis, a coiled-coil linker domain of variable length, and a poorly conserved N-terminal domain. Yeast and human Top1 share a common reaction mechanism and domain structure. However, the human Top1 is ϳ100-fold more sensitive to CPT. Moreover, substitutions of a conserved Gly 717 residue, which alter intrinsic enzyme sensitivity to CPT, induce distinct phenotypes in yeast. To address the structural basis for these differences, reciprocal swaps of yeast and human Top1 domains were engineered in chimeric enzymes. Here we report that intrinsic Top1 sensitivity to CPT is dictated by the composition of the conserved core and C-terminal domains. However, independent of CPT, biochemically similar chimeric enzymes produced strikingly distinct phenotypes in yeast. Expression of a human Top1 chimera containing the yeast linker domain proved toxic, even in the context of a catalytically inactive Y723F enzyme. Lethality was suppressed either by splicing the yeast N-terminal domain into the chimera, deleting the human N-terminal residues, or in enzymes reconstituted by polypeptide complementation. These data demonstrate a functional interaction between the N-terminal and linker domains, which, when mispaired between yeast and human enzymes, induces cell lethality. Because toxicity was independent of enzyme catalysis, the inappropriate coordination of N-terminal and linker domains may induce aberrant Top1-protein interactions to impair cell growth.
Eukaryal DNA topoisomerase I (Top1) 4 catalyzes the relaxation of local domains of positive and negative DNA supercoils, which are generated by processes such as DNA replication, transcription, and recombination (1) (2) (3) (4) . Top1 is a monomeric enzyme that forms an asymmetric protein clamp, which encircles double-stranded DNA. During the reaction cycle, the active site tyrosine (Tyr 723 in human Top1) attacks a single strand of duplex DNA to form a 3Ј-phosphotyrosyl intermediate. Within this covalent Top1-DNA complex, DNA strand rotation allows for the relaxation of DNA supercoils. The 5Ј OH of the cleaved DNA strand then acts in a second transesterification to resolve the phosphotyrosyl bond and religate the DNA.
Top1 is the cellular target of the camptothecin (CPT) class of chemotherapeutics (5) (6) (7) . These drugs reversibly stabilize the covalent Top1-DNA intermediate by intercalating into the protein-linked DNA nick. During S phase, the interaction of the replication machinery with the ternary CPT-Top1-DNA complex itself or with the positive supercoils that accumulate ahead of the fork creates irreversible DNA lesions that induce cell death (5) (6) (7) (8) . Increased concentrations of the covalent intermediate can also be induced with Top1 mutants, where altered rates of DNA cleavage/religation effectively convert the enzyme into a cellular poison (9 -12) .
Biochemical and x-ray crystallographic data reveal an unusual architecture of monomeric Top1. The human nuclear enzyme consists of four distinct domains: a charged N terminus, a conserved core domain, a linker domain formed by an extended pair of ␣-helices (residues 636 -712), and a conserved C-terminal domain that contains the active site Tyr (1, 7, (13) (14) (15) (16) (17) . Fig. 1A depicts the co-crystal structure of human Topo70, which lacks the N-terminal 174 amino acid residues, noncovalently bound to DNA (18) . As summarized in Fig. 1B , the N-terminal and linker domains of yeast and human Top1 share only 17 and 12% amino acid identity, respectively, whereas the conserved core and C-terminal domains are 58 and 62% identical, respectively (43) .The conserved core domain of Top1 forms a protein clamp around duplex DNA. We previously demonstrated that locking the human Top1 clamp around the DNA prevents strand rotation within the Top1-DNA intermediate (19) . Similar impediments to DNA rotation were observed with the analogous studies of yeast Top1 (20) , suggesting a conservation of protein clamp enzyme architecture and catalytic mechanism.
The core domain of Top1 provides most of the catalytic residues. However, Tyr 723 is in the conserved C-terminal domain and is positioned within the catalytic pocket of the core domain by the extended coiled-coil linker domain, yet the linker domain does not appear to be required for activity. Top1 enzymes found in some bacteria and the poxviruses lack both the N terminus and the linker domain (21, 22) . In addition, fragment complementation experiments demonstrate that polypeptides comprising only the human Top1 core and C-terminal domains can reconstitute an active enzyme in vitro (23), albeit with reduced specific activity.
In the co-crystal structure of the covalent Topo70-DNA intermediate, the linker is not resolved (7) . However, when the Topo70-DNA intermediate is bound by CPT or the analog topotecan, the linker becomes extended at an oblique angle to the DNA helix, as in the noncovalent structure in Fig. 1 (7, (15) (16) (17) . Although the role of the linker domain in mediating enzyme sensitivity to CPT is not clear, the "linker-less" poxvirus Top1 enzymes are resistant to CPT (24) . Moreover, the in vitro CPT resistance of the two subunit Leishmania Top1, and reconstituted human Top1, demonstrates that the physical linkage of the linker to the core domain is necessary for CPT sensitivity (23, 25) . Studies of mutant yeast and human enzymes further suggest a correlation of linker flexibility with CPT resistance (7, 26 -30) .
The function of the N-terminal domain also remains poorly understood, in part because of a lack of structural information. In vitro, residues 1-190 of the nuclear enzyme are dispensable for enzyme activity and CPT sensitivity. However, amino acids 191-206 are required for DNA binding and enzyme processivity (31) (32) (33) (34) . The N terminus has also been implicated in numerous interactions with other proteins, including TATAbinding protein, nucleolin, and SV40 large T antigen (35) (36) (37) (38) . Additional studies suggest a role for the N-terminal domain in the opening and closing of the Top1 clamp around DNA (20) and in CPT-induced alterations in the intracellular localization of Top1 (39) .
Despite the considerable conservation of yeast (yTop1) and human (hTop1) enzyme mechanism, structure, and function, there are notable differences. Importantly, wild-type yTop1 and hTop1 exhibit an ϳ100-fold difference in intrinsic sensitivity to CPT in vitro. Moreover, mutant-induced alterations in enzyme sensitivity to CPT are not always manifested in cells. For instance, substitution of Asp for a conserved Gly residue, which is posited to form a flexible hinge with the linker domain, just N-terminal to the active site Tyr in yeast and human Top1, renders these mutant enzymes intrinsically more sensitive to CPT in vitro. However, expression of yTop1G721D in yeast enhanced cell sensitivity to CPT, whereas cells expressing the corresponding hTop1G717D mutant were no more sensitive to CPT than cells expressing wild-type hTop1 (28) . 5 Such results prompted us to ask whether differences in intrinsic CPT sensitivity might be attributed to the domain composition of Top1 and whether the different phenotypes induced by mutations of conserved residues within the catalytic pocket of yTop1 and hTop1 were due to distinct architectural features of these enzymes. To address these questions, crystallographic and biochemical data were used to design a series of chimeric enzymes that comprise reciprocal swaps of the yeast and human N-terminal and linker domains. Here, we report that the composition of the conserved core and C-terminal domains dictate intrinsic Top1 enzyme sensitivity to CPT, whereas the functional interaction of the N terminus with the linker domain impacts cell viability, independent of CPT and enzyme catalysis. Thus, intramolecular interactions between poorly conserved protein domains dictate the critical conserved function of Top1.
EXPERIMENTAL PROCEDURES
Yeast Strains and Plasmids-Saccharomyces cerevisiae strain EKY3 (MAT␣, ura3-52, his3⌬200, leu2⌬1, trp1⌬63, top1:: TRP1) was previously described (11) . Herein, "h" and "y" designations distinguish human and yeast TOP1, respectively. Plasmids YCpGAL1-yTOP1 and YCpGAL1-hTOP1 express wild-type yeast TOP1 and human TOP1 cDNA from the galactose-inducible GAL1 promoter in an ARS/CEN, URA3 vector (11, 19) , whereas YCpGAL1-hTopo70 expresses an N-terminal truncated human Top1 (residues 175-765), referred to as Topo70. All of the constructs used in these studies contained an N-terminal Flag epitope (DYKDDDDK) recognized by the M2 monoclonal antibody (Sigma). Yeast-human chimeras were generated using homologous recombination of PCR-generated chimeric junctions as described in Ref. 40 and diagrammed in Fig. 2A . See Table 1 and Fig. 2B for primer design and chimera junctions. Plasmids were recovered from individual yeast colonies as in Ref. 40 , amplified in Esherichia coli, and sequenced to confirm yTop and hTop sequences.
Vector pESC-ura (Stratagene) contains the bicistronic, galacatose-inducible GAL1-10 promoter cassette with FLAG and myc tags, and terminator sequences in a 2-m, URA3 vector. The entire GAL1-10 cassette flanking polylinker sequences were PCR-amplified and used to replace the polylinker sequences of pRS416, by homologous recombination, as in Ref. 40 , to create YCpGAL1-10. Reconstituted Top1 protein expression vectors were generated as described in Table 2 . As an example, the linker and C terminus of hTop1 were PCR-amplified from YCpGAL1-hTOP1 and inserted 3Ј to the myc epitope (EQKLISEEDL) sequences under the GAL1 promoter in YCp-GAL1-10 to create YCpGAL1-10 hTopo14. The hTop1 N terminus and core domain sequences were then PCR-amplified from YCpGAL1-hTOP1 and inserted 3Ј to the FLAG epitope sequences of the GAL10 promoter to create YCp-GAL1-10 hTopo76/14. Bicistronic constructs were also created without the myc tag. In all cases, mutant sequences were confirmed by DNA sequencing. Primer sequences are available upon request.
Yeast Cell Sensitivity to CPT-To assay yeast cell sensitivity to CPT, cultures of EKY3 (top1⌬) yeast cells, transformed with the indicated YCpGAL1-TOP1 vector, were serially 10-fold diluted. Aliquots (4 l) were spotted onto synthetic complete agar lacking uracil (SC-ura) medium containing 25 mM Hepes (pH 7.2), 2% dextrose or galactose, and the indicated concentration of CPT in a final 0.125% DMSO. Cell growth was assessed after incubation at 30°C.
DNA Topoisomerase I Expression and Purification-Galactose-induced cultures of yeast top1⌬ cells expressing wild-type, mutant, or chimeric Top1 enzymes were lysed with prechilled (Ϫ20°C) glass beads in TEEG buffer (50 mM Tris, pH 7.4, 1 mM EDTA, 1 mM EGTA, 200 mM KCl, 10% glycerol) and complete protease inhibitors (Roche). Lysates were normalized for total protein, and Top1 protein levels were verified by immunoblotting and chemiluminescence using the M2-FLAG antibody (Sigma). Wild-type and chimeric Top1 were partially purified by phosphocellulose chromatography or purified to homogeneity by phosphocellulose and FLAG affinity chromatography, as described (12, 28) . Top1 protein fractions were adjusted to a final concentration of 30% glycerol and stored at Ϫ20°C. Protein integrity was assayed by immunoblot analysis (28, 41) .
Plasmid Relaxation Assays-The specific activity of the Top1 preparations was measured in plasmid DNA relaxation reactions as described (9, 41) . Briefly, serial 10-fold dilutions of purified Top1 protein or cell lysates (corrected for protein concentration) were incubated in 20-l reaction volumes with 0.3 g of negatively supercoiled pHC624 plasmid DNA in 20 mM Tris (pH 7.5), 10 mM MgCl 2 , 0.1 mM EDTA, 50 g/ml gelatin, and 50 -200 mM KCl (as indicated), at the temperatures indicated, for 30 min. DNA products were extracted with phenol/chloroform, resolved by agarose gel electrophoresis, and visualized following staining with ethidium bromide or GelRed (Phenix).
DNA Cleavage Assays-Intrinsic enzyme sensitivity to CPT was assessed in DNA cleavage assays, as previously described (12) , using a 480-base pair DNA fragment that contained a high affinity Top1 cleavage site and was 32 P-end-labeled at a single 3Ј end. The cleavage reaction products were treated with SDS at 75°C; digested with proteinase K; ethanol precipitated; resolved in denaturing 8% polyacrylamide, 7 M urea gels; and visualized by PhosphorImage analysis.
Co-immunoprecipitations-Lysates of galactose-induced cultures of EKY3 cells expressing the indicated Top1 reconstitution vectors, prepared as above, were split into two 400-l aliquots, and Triton X-100 was added to a final concentration of FIGURE 2. Generation of yeast/human Top1 chimeras in yeast. A, strategy for generating chimeric human/yeast Top1 proteins using homologous recombination in yeast. In this example, sequences encoding the N-terminal domain of human Top1 were PCR-amplified with primers containing an additional 40 nucleotides at the 5Ј end, which were complementary to sequences in the GAL1 promoter (black) or sequences flanking the N-terminal domain of yeast Top1 (pink). The chimera junction is defined by the 3Ј primer sequence. YCpGAL1-yTOP1 was cut at a unique restriction site within the region to be exchanged. The PCR-amplified DNA and linearized plasmid were co-transformed into yeast cells. Homologous recombination of the DNA ends regenerated a circular plasmid, and the resulting transformants were selected for uracil prototrophy. The plasmid DNA was extracted, and the identities of the chimeric sequences were confirmed by DNA sequencing. B, amino acid sequence alignment of the portion of human and yeast Top1 N-terminal domains used in the chimeras. Purple represents the first six residues of the Topo70 constructs. Red and green indicate the junctions of (yN)-hTop1 and (yN 137 )-hTop1, respectively. The corresponding residues surrounding the junction lines designate (hN)-yTop1 and (hN 209 )-yTop1. The gray box denotes the beginning of the Top1 core domain.
1%. 20 l of protein A/G Plus-agarose (Santa Cruz) was added, and the samples were rotated end over end for several hours at 4°C. Following centrifugation, the supernatant was added to 30 l of protein A/G Plus-agarose and 5 g of either anti-FLAG or anti-myc antibody and rotated end over end overnight at 4°C. The samples were washed five times with 1ϫ TEEG containing 200 mM KCl, 1% Triton, and protease inhibitors. The proteins were resolved by SDS-PAGE and visualized by immunoblotting.
RESULTS

N-terminal Human/Yeast Top1
Chimeras-To address the function of Top1 protein domains in regulating enzyme activity and sensitivity to CPT in cells, homologous recombination (as described in Ref. 40 and diagrammed in Fig. 2A ) was used to generate reciprocal swaps of the N-terminal and linker domains of yTop1 and hTop1. The poorly conserved N-terminal domains have been shown to contain nuclear localization signals (42) and to mediate Top1 interactions with other proteins (35) (36) (37) . Hence, N-terminal domain chimeras were first engineered to ask whether yeast protein interactions with the N-terminal domains of yTop1 or hTop1 could account for the observed alterations in enzyme activity in cells. hTopo70 (residues 175-765) has been extensively used for biochemical and structural studies of hTop1. However, available structural information is restricted to the core, linker, and C-terminal domains (residues 215-765) ( Fig. 1, A and B) . Within the N-terminal domain, residues 1-190 are dispensable for hTop1 catalysis, whereas residues 191-206 are required for efficient DNA binding (32) . Based on sequence homology and codon usage, we engineered two sets of reciprocal swaps that spanned these critical residues (summarized in Fig. 2 and Table 1 ).
In h120yTop1, human N-terminal residues 1-191 were fused to yeast residues 120 -769, whereas y192hTop1 contains yeast N-terminal residues 1-119 fused to human residues 192-765 (Figs. 2B and 3A). For ease of discussion, hereafter these chimeras are referred to as (hN)-yTop1 and (yN)-hTop1, respectively. As shown in Fig. 3B and Table 3 , exchanging these portions of the N-terminal domains had no effect on the pattern of in vivo CPT sensitivity in yeast. CPT-induced toxicity of cells expressing (hN)-yTop1 mirrored that of wild-type yTop1 and was only observed at high drug concentrations. Conversely, cells expressing either wild-type hTop1 or (yN)-hTop1 were sensitive to 100-fold lower concentrations of drug (compare cell viability at 5 versus 0.05 g/ml in Fig. 3B and in Table 3 ). The levels of chimera protein expressed and the specific activity of the purified N-terminal chimeric proteins were similar to that of the wild-type enzymes (Fig. 3 , C and D). Similar results were obtained with additional constructs: 1) a second set of N-terminal chimeras (y210hTOP1 and h138yTOP1) that contained junctions at human residue 210 or yeast residue 138, respectively, just N-terminal to the core domain, and 2) a yeast/human chimera y⌬201hTOP1, where deletion of 8 residues was engineered in the yeast sequences just upstream of the human 201 chimera junction (Figs. 2B and 3D, Table 1 , and data not shown). In all cases, the N-terminal composition of the chimeras had no effect on enzyme catalysis in vitro or on yeast cell sensitivity to CPT ( Fig. 3 and data not shown). Thus, it is unlikely that yeast protein interactions with N-terminal Top1 domain residues alone dictate enzyme sensitivity to CPT in yeast cells.
Introducing the Yeast Linker Domain into hTop1 Induces Yeast Cell Lethality-The other nonconserved domain of Top1 is the coiled-coil linker, whose flexibility has been implicated in altering enzyme sensitivity to CPT (7, 26 -28) . We therefore engineered reciprocal exchanges of the linker domains. To
TABLE 1 Composition of yeast/human Top1 chimeras
Chimeric Top1 enzymes were generated by homologous recombination of PCR products as diagrammed in Fig. 2 . Chimera junctions were engineered in the PCR primers. Primer sequences are available upon request.
The heterologous Top1 protein domains are in parentheses and are designated h for human or y for yeast. N, L, and C refer to N-terminal, linker, and C-terminal domains, respectively. For example, (hN)-yTop1 contains the human N terminus and the yeast core, linker, and C-terminal domains. (yL,yC)-hTop1 contains the human N terminus and core domains, with the yeast linker and the C terminus. b The numbers indicate the yeast or human amino acid residues contained in the chimeras, with 1 referring to the first Met residue. The (hL,hC)-yTop1 chimera was used to generate (hL)-yTop1, whereas the (yL,yC)-hTop1 chimera was used to generate (yL)-hTop1. c Residues spanning the chimera junctions, indicated by a slash (/). Y 727 and Y 723 indicate the active site tyrosine residues of yTop1 and hTop1, respectively.
TABLE 2 Composition of reconstituted Top1 enzymes
Reconstituted enzymes were created by PCR amplification or restriction digest of DNA sequences encoding the indicated y or hTop1 linkerϩ hTop1 C-terminal domains and ligation behind the GAL1 promoter in a bicistronic vector. Subsequently, DNA encoding hTop1 N-terminal ϩ core domains or core domain alone was PCR-amplified or excised by restriction digest and inserted behind the GAL10 promoter. The numbers refer to the mass of the polypeptides comprising the reconstituted enzyme. b All constructs contained an N-terminal FLAG tag. hTop1(175-634) and hTop1(175-659) polypeptides, which comprise the large subunits of hTopo56/14 and hTopo58/12, respectively, were also engineered with and without an N-terminal NLS (PKKIKTED). Parenthetical numbers refer to hTop1 amino acid residues comprising the expressed polypeptide. c All constructs were created with an N-terminal myc tag, followed by the indicated y/hTop1 residues. accomplish this, the linker and C terminus of each enzyme was first replaced with the corresponding residues of the other. These chimeras were then used in reciprocal swaps to reintroduce the corresponding C-terminal domains, such that the (yL)-hTop1 chimera consisted of the human N-terminal, core, and C-terminal domains, yet it contained the yeast linker (Fig.  4A ). The precise chimera junctions correspond to the conserved residues found at the N-and C-terminal ends of the coiled-coils of the linker domain, evident in the co-crystal structure of the drug-bound covalent Topo70-DNA complex (7) . The linker domain spans hTop1 residues 635-712 and yTop1 residues 561-716 (Table 1) . Introducing the shorter hTop1 linker into yeast Top1, in (hL)-yTop1, induced a Ͼ10-fold reduction in specific enzyme activity in vitro and induced a CPT-resistant phenotype in yeast (data not shown). In contrast, replacing the shorter hTop1 linker with the longer yeast linker, in (yL)-hTop1, induced a surprising phenotype in yeast. As shown in Fig. 4B and Table 3 , galactose-induced expression of (yL)-hTop1 inhibited cell growth, even in the absence of CPT. Thus, the presence of the longer yeast linker in the human enzyme is toxic to yeast. However, when the corresponding yeast N-terminal domain was introduced into this chimera (to generate (yN,yL)-hTop1), such that the conserved core and C-terminal domains were hTop1, whereas the divergent N-terminal and linker domains were of yeast Top1 origin, this toxic phenotype was largely suppressed (in Fig. 4B and Table 3 ). Moreover, CPT-induced lethality of cells expressing the (yN,yL)-hTop1 chimera was evident at concentrations sufficient to sensitize cells expressing wild-type hTop1, but not yTop1 ( Fig. 4B and Table 3 ). Similar results were obtained with other N-terminal chimera junctions (Table  1 and data not shown). These finding suggest that the CPT sensitivity of Top1 is dictated by the composition of the conserved core and C-terminal domains, whereas alterations in N-terminal domain-linker domain interactions adversely impact enzyme function in cells.
Reconstituted
This model was further supported by assays of chimeric enzyme catalysis. First, in cell lysates corrected for total protein, the specific activity of the (yN,yL)-hTop1 chimera was similar to that of wild-type hTop1 over a range of salt concentrations. The (yL)-hTop1 chimera exhibited a similar pattern of optimal activity at 150 -200 mM KCl, yet was slightly more active (ϳ5fold) than comparable levels of wild-type hTop1 (Fig. 4C ). Thus, (yL)-hTop1-induced toxicity could not be attributed to gross alterations in enzyme catalysis. Second, comparable levels of hTop1, (yL)-hTop1, and (yN,yL)-hTop1 proteins were expressed in cells (see Fig. 7B and data not shown). Moreover, in DNA cleavage assays performed with equal concentrations of purified yTop, hTop1, and the (yL)-hTop1 and (yN,yL)-hTop1 chimeras, the intrinsic CPT sensitivity of the chimeras were indistinguishable from that of intact hTop1. As seen in Fig. 5 , at least 100-fold higher concentrations of CPT were required to induce similar levels of covalent yTop1-DNA intermediates as that observed for wild-type hTop1. Thus, independent of N-terminal/linker domain composition, the intrinsic CPT sensitivity of the (yL)-hTop1 and (yN,yL)-hTop1 chimeras mirrored that of wild-type hTop1. Moreover, subtle differences in sequence specificity between the yeast and human enzymes (as indicated by the arrowheads in Fig. 5 ) were also retained by the hTop1 chimeras. Thus, the N-terminal and linker domain composition of hTop1 does not impact the intrinsic pattern of enzyme sensitivity to CPT.
Because the toxic phenotype of (yL)-hTop1 expressing cells could not be attributed to any obvious alterations in enzyme binding to DNA, sequence specificity, or shift in cleavage/religation in the absence of CPT, we next investigated the role of DNA cleavage in (yL)-hTop1 toxicity. The active site Tyr 723 is essential for enzyme catalyzed DNA cleavage and formation of the covalent phosphotyrosyl intermediate, but not DNA binding by the Top1 protein (1) (2) (3) 16) . In (yL)-hTop1Y723F, the active site Tyr 723 was mutated to Phe to produce a catalytically inactive mutant protein. Nevertheless, expression of the (yL)-hTop1Y723F mutant also proved cytotoxic, inducing a similar Ͼ3-log drop in cell viability as with (yL)-hTop1 (Fig. 6 ). These findings demonstrate that the lethal phenotype induced by (yL)-hTop1 was not a consequence of alterations in enzyme catalysis.
Because the appropriate pairing of the yeast N-terminal domain with the yeast linker partially suppressed the (yL)-hTop1 lethal phenotype (Fig. 4B) , we then asked whether N-terminal/linker domain interactions were required for (yL)-hTop1-induced toxicity. Here, we simply deleted the first 174 amino acid residues (upstream of the chimera junction at human residue 192) to generate (yL)-hTopo70. The hTop1 nuclear localization signal (KPKKIKTED) (44) was also inserted after the N-terminal FLAG epitope to ensure nuclear localization of all hTopo70 proteins. As shown in Fig. 7 and Table 3 , removal of the N-terminal 1-174 residues completely suppressed the toxicity of (yL)-hTop1. Indeed, yeast cells expressing (yL)-hTopo70 grew equally well as cells expressing hTopo70 in the absence of CPT and exhibited the same sensitivity to low concentrations of CPT as wild-type hTop1-and hTopo70 expressing cells ( Fig. 7A and Table 3 ). In cell lysates, the levels of (yL)-hTop1 protein were comparable with hTop1, whereas hTopo70 and (yL)-hTopo70 levels were ϳ2-fold higher (Fig. 7B) . As in Fig. 4B, (yL) -hTop1 was slightly more active than hTop1. However, the specific activities of hTop1 Fig. 4A ) were incubated with a single 3Ј 32 P-end-labeled DNA substrate in a DNA cleavage reaction containing 0, 0.5, 2, 10, or 50 M CPT in a final 0.125% DMSO. After incubation for 10 min at 30°C, the covalent Top1-DNA complexes were trapped with SDS at 75°C and treated with proteinase K. The reaction products were resolved in 8% polyacrylamide, 7 M urea gels and visualized using a PhosphorImager. Lane C is DNA alone, and the asterisk indicates a high affinity Top1 cleavage site. Arrowheads indicate cleavage products that differ between yTop1 and hTop1. (n ϭ 3 experiments). and (yL)-hTop1 were slightly lower than that observed with hTopo70 and to a lesser extent with (yL)-hTopo70 ( Fig. 7C) .
As with the full-length enzymes shown in Fig. 5 , the intrinsic CPT sensitivity of hTopo70 and (yL)-hTopo70 also mirrored that of full-length hTop1, in DNA cleavage assays performed with equal concentrations of the purified proteins (Fig. 8 ). CPTinduced stabilization of covalent Top1-DNA intermediates was observed at low drug concentrations, with the same alterations in sequence specificity as hTop1 (as indicated by the arrowheads in Fig. 8 ). Taken together, these data indicate that the toxic phenotype of (yL)-hTop1 is not solely a consequence of the presence of the yeast linker domain but requires a functional interaction with the first 174 residues of the hTop1 N terminus.
Reconstituted Human/Yeast Chimeras-Champoux and coworkers (23) demonstrated that an active enzyme could be reconstituted from separate polypeptides comprising the core and linker-C-terminal domains of hTop1. However, the intrinsic CPT resistance of such reconstituted enzymes argued that a physical tethering of the core and linker domains was required for drug sensitivity. Consequently, we wondered whether a physical connection between the core and linker domain was also required for the (yL)-hTop1 chimera lethal phenotype. A library of plasmids was engineered to coordinately express Top1 fragments from a galactose-inducible, bicistronic GAL1-10 promoter ( Fig. 9A and Table 2 ). The inclusion of distinct Flag and myc tags eased detection and immunoprecipitation of the expressed polypeptides. The constructs used to reconstitute hTopo76/14 or (yL)-hTopo76/14 were based on the same linker domain junction used to generate the chimeric enzymes (see Tables 1 and 2) , although the hTopo78/12 construct recapitulated the polypeptide sequences reported by the Champoux laboratory. The corresponding hTopo56/14 and hTopo58/12 reconstituted enzymes each lacked the N-terminal 174 residues of Topo70.
As shown in Fig. 9B , cells co-expressing hTopo76/14 (the hTop1 N terminus ϩ core and linker ϩ C terminus) or FIGURE 6. Catalytically inactive hTop1 containing a yeast linker is toxic to yeast cells. Exponentially growing cultures of top1⌬ cells, transformed with the indicated YCpGAL1-TOP1 constructs, were adjusted to an optical density ϭ 0.3, serially 10-fold diluted, and aliquots were spotted onto SC-ura agar containing 25 mM Hepes (pH 7.2), 0.125% DMSO, and either dextrose (Dex), galactose (Gal), or galactose plus 0.5 M CPT. Viability was assessed following incubation at 30°C (n ϭ 3 experiments). FIGURE 7. The presence of the hTop1 N-terminal domain is essential for the lethal phenotype seen with the (yL)-hTop1chimera. A, the hTop1 and hTopo70 constructs were transformed into exponentially growing top1⌬ cells. Liquid cultures of the transformed cells were diluted to an optical density of 0.3 and serially 10-fold diluted onto the indicated plates, as in Fig. 6 . Viability was assessed after a 4-day incubation at 30°C. B, as in Fig. 3D , extracts of galactose-induced top1⌬ cells, expressing the indicated FLAG-tagged Top1 proteins, were subjected to immunoblot analysis with an anti-FLAG antibody, with GAPDH as a loading control. Images are of different lanes from the same gel. C, equal concentrations of yeast cell lysates (prepared as in B) were serially 10-fold diluted and incubated in a plasmid DNA relaxation assay. The reaction products were resolved by agarose gel electrophoresis and visualized with ethidium bromide. The relative positions of relaxed (R) and supercoiled (Ϫ) DNA topoisomers are indicated. Lane C indicates DNA alone (n Ն 3 experiments). Fig. 5 , equal concentrations of partially purified hTop1, hTopo70, and (yL)-hTopo70 proteins were assessed for sensitivity to 0.5 and 5 M CPT. The reaction products were resolved in 8% polyacrylamide, 7 M urea gels and visualized using a PhosphorImager. Lane C is DNA alone, and the asterisk indicates a high affinity Top1 cleavage site. As in Fig. 5 , arrowheads indicate cleavage products specific for hTop1, not yTop1. hTopo56/14 (hTop1 core and linker ϩ C terminus) were resistant to CPT. However, the catalytic activity of the reconstituted enzymes was detectable in cell extracts, albeit only under optimized reaction conditions of low salt and temperature ( Fig. 9C) . Similar results were obtained with co-expression of hTopo78/12 and hTopo58/12 (data not shown). The association of the hTopo76 and 14 polypeptides to form a reconstituted enzyme was also evident in yeast. As shown in Fig. 9D , myc-tagged hTopo14 was detectable in immunoprecipitates of FLAG-tagged hTopo76 and vice versa. Thus, consistent with the in vitro results of Champoux and co-workers (23) , the physical linkage of the core and linker domains also appears to be required for CPT sensitivity in yeast and may reflect the low enzyme activity of the reconstituted enzyme in cells.
Similar results were obtained with reconstituted (yL)-hTopo76/14. As shown in Fig. 9B , the lethal phenotype of cells expressing the intact (yL)-hTop1 chimera was not induced by co-expression of (yL)-hTopo76/14. However, in contrast to the CPT resistant phenotype of hTopo76/14, co-expression of (yL)-hTopo76/14 did confer modest sensitivity to CPT (Fig.  9B) . These results appear to be due to the presence of the longer yeast linker rather than any detectable alterations in enzyme catalysis. The specific activity of (yL)-hTopo76/14 was comparable with that of hTopo76/14 (Fig. 9C) , as was the association of the (yL)-hTopo76/14 fragments in co-immunoprecipitation experiments (Fig. 9D) . These data suggest that despite the physical disconnect between the core and linker domain, the yeast linker (in the context of full-length hTop1) has a modest impact on Top1 sensitivity to CPT.
Taken together, these findings support a model whereby the intrinsic CPT sensitivity of Top1 is dictated by the composition of the core and C terminus, whereas the functional interaction of hTop1 with other proteins/protein complexes in yeast is affected by linker composition. In the context of hTop1, the ability of the yeast N-terminal domain to suppress the growth defect induced by the yeast linker further implies the coordinated function of these poorly conserved domains in regulating hTop1 interactions with other as yet unidentified proteins or protein complexes.
DISCUSSION
The formation of clamp structures about a DNA strand or duplex is a common feature of proteins that function in DNA replication, repair, and transcription. Examples include the DNA polymerase processivity factor proliferating cell nuclear antigen, the replicative Mcm2-7 helicase, DNA polymerases, the 9-1-1 checkpoint complex, and DNA topoisomerases (45) (46) (47) (48) (49) (50) . Eukaryal nuclear Top1 possesses some unique architectural features. First, the protein clamp, formed by the highly conserved core domain of this monomeric enzyme, tightly encircles duplex DNA (7, 13, 18) . Second, Top1 comprises a highly asymmetric structure. An extended coiled-coil of the linker domain connects the core with the conserved C-terminal domain, which contains the active site Tyr 723 . The positioning of residue Tyr 723 within the protein clamp completes the catalytic pocket of the enzyme. This nuclear enzyme also contains a highly charged N-terminal domain, for which little structural information is available but has been implicated in regulating the intracellular localization of Top1, Top1-protein interactions, and the catalytic activity of Top1 (32, 42, 51) .
The movement and functional interactions of Top1 protein domains during enzyme catalysis and how the structural features of this enzyme impact drug sensitivity have been of considerable interest. One strategy used to address these questions is the use of molecular modeling to design reversible disulfide bonds that lock the hTop1 clamp around duplex DNA (7, 13, FIGURE 9 . The physical connection between the core and linker domain is required for chimera-induced toxicity. A, the bicistronic YCpGAL1-10 vector was used to express the Top1 N-terminal and core domains from the GAL10 promoter and the linker and C terminus from the GAL1 promoter (Table 2) . B, exponential cultures of top1⌬ cells transformed with the indicated constructs were serially 10-fold diluted, spotted onto the indicated plates, and incubated at 30°C. C, equal concentrations of lysates of galactoseinduced yeast cells expressing the indicated Top1 constructs were 10-fold serially diluted and incubated in a plasmid DNA relaxation assay with a final 50 mM KCl for 30 min at 30°C. The reaction products were resolved by agarose gel electrophoresis and visualized with GelRed. The relative positions of relaxed (R) and supercoiled (Ϫ) DNA topoisomers are indicated. Lane C indicates DNA alone. D, lysates from C were incubated with precleared protein A/G beads and either anti-FLAG or anti-myc antibody overnight. Input lysates and the bead-bound immunoprecipitates (␣ FLAG IP, ␣ myc IP) were resolved by SDS-PAGE and visualized by immunoblotting with the indicated antibodies. Immunostaining of tubulin served as a loading control for lysate samples. The data are representative of n ϭ 4 experiments. active site Tyr 723 prevented DNA strand rotation within the covalent enzyme-DNA intermediate but did not affect CPT stabilization of the Top1-DNA complex (19) . Parallel studies with yTop1 demonstrated a conservation of clamp architecture and a role for the N-terminal domain in Top1 clamp binding of duplex DNA (20) .
Structural and biochemical studies also implicate the flexibility of the linker domain as a determinant of enzyme sensitivity to CPT. Increasing the movement of the linker, either by physically uncoupling the Top1 linker and core domains in reconstitution experiments ( Fig. 8 and Ref. 15 ) or by mutation of Ala 653 to Pro in hTop1 (26) , decreases enzyme sensitivity to CPT. In contrast, a Top1D677G/V703I mutant has reduced linker flexibility and is hypersensitive to CPT (29) . In addition, replacing Gly 721 with residues estimated to have a higher propensity for ␣ helix formation (Ala or Asp) induced alterations in yeast Top1 active site architecture that increased enzyme sensitivity to CPT (28) . In co-crystal structures, the extension of a short ␣ helix within the active site of Topo70 to include Gly 717 coincides with drug binding and a restriction of linker orientation (7) . Thus, we posited that this conserved Gly acts as a flexible hinge that allows for linker domain movement and that substitutions of Gly 721 , which reduces linker flexibility, enhance enzyme sensitivity to CPT.
A third strategy, taken here, was the design of yeast/human chimeric enzymes to define the contribution of individual protein domains to Top1 sensitivity to CPT and enzyme function in vivo. Guided by crystallographic data, we previously used homologous recombination in yeast to design yeast/human chimeras of the SUMO (small ubiquitin-like modifier)-conjugating enzyme Ubc9 and in preliminary studies of Top1 (40) . The biochemical activity of a hTop1/Plasmodium falciparum hybrid enzyme has also been described (53) . Herein, our analyses of yeast/human Top1 chimera activity in vitro and in yeast cells establish that intrinsic enzyme sensitivity to CPT is dictated by the composition of the core and C-terminal domains. Independent of the origin of the N-terminal and/or linker domains (yeast or human), enzymes consisting of the human core and C-terminal domains exhibited comparable specific enzyme activity and were ϳ100-fold more sensitive to CPT than yTop1 in vitro (Figs. 4, 5, 7 , and 8 and Table 3 ).
However, additional aspects of chimera enzyme activity in top1⌬ yeast cells are worth noting. First, in reciprocal swaps of the highly charged yeast and human N termini (at a juncture corresponding to human residue 192/yeast residue 120), no alterations in cell viability or sensitivity to CPT were evident. Thus, any Top1-protein interactions mediated solely by the N-terminal domain failed to influence CPT-induced toxicity. Second, hTop1 residues 201-206 are required for enzyme catalysis (32) . However, fusing hTop1 residues 1-209 with the corresponding C-terminal residues of yTop1 also failed to alter the CPT sensitivity of cells expressing these chimeras, relative to cells expressing wild-type hTop1 ( Fig. 3 and data not shown) . These data suggest that the critical function of these human residues (KWKWWEEE) in enzyme catalysis is retained in the corresponding residues of yeast Top1 (EYKWWEKE).
In contrast, the introduction of the longer yeast linker domain in hTop1 profoundly altered enzyme function in vivo. Expression of (yL)-hTop1 proved toxic even in the absence of CPT, with no obvious alterations in enzyme catalysis (Fig. 4 ). This result was particularly surprising because Top1 is not required for yeast cell growth, and the linker domain is dispensable for enzyme activity in vitro (23, 54) . Indeed, (yL)-hTop1Y723F-induced toxicity was independent of DNA cleavage ( Fig. 6) , which implicates toxic alterations in Top1-protein interactions, instead of enzyme catalysis. However, because either removal of the human N terminus [in (yL)-hTopo70] or the introduction of the complementary yeast N-terminal domain [in (yN,yL)-hTop1] suppressed chimera-induced lethality, toxicity is not simply due to the presence of the longer yeast linker within the hTop1 protein. Rather, lethality appears to derive from functional interaction between the extended human N-terminal and yeast linker domains. Whether these interactions involve the direct physical association of these domains or indirect interactions mediated by DNA/other proteins has yet to be determined. In this context, it is noteworthy that the N-terminal domain, which has defied structural determination, is absent from the human mtTop1 enzyme that is targeted to the mitochondria (55) . Also, because both yeast and human N-terminal domains contain nuclear localization signals (42) , it is unlikely that the observed toxicity relates to changes in nuclear import. Thus, the functional interaction of N-terminal and linker domains appears to be restricted to nuclear protein-Top1 associations.
Expression of catalytically inactive yeast or human Top1 clamps, locked in the closed conformation by the formation of a disulfide bond, was also toxic to yeast (20) , presumably because of Top1 clamping of the DNA. Although the biochemical behavior of the (yL)-hTop1 did not suggest alterations in DNA binding, i.e. there was not a shift in salt optimum or enzyme processivity in DNA relaxation assays using yeast cell lysates ( Fig. 4C ), we cannot exclude enhanced DNA binding in the cytotoxic mechanism of the chimera protein in yeast cells. However, our fragment complementation studies (Fig. 9B ) demonstrated that the integrity of (yL)-hTop1 was required for cell lethality, because the reconstituted (yL)-Topo76/14 was not toxic when expressed in yeast cells. Although the low enzyme activity of these reconstituted enzymes may well reflect decreased DNA binding in cells, these data nevertheless demonstrate that the physical linkage of the core and linker domains appears to be essential for maintaining the toxic protein and/or DNA interactions induced by (yL)-hTop1 expression. In contrast, when the shorter human linker was inserted into the yeast enzyme (in (hL)-yTop1) and expressed in yeast, the cells were viable and relatively resistant to CPT. In this case, our findings are consistent with a defect in DNA binding, suggested by earlier studies of related yTop1 clamp constructs (20) .
Together, these studies support a model whereby the intrinsic CPT sensitivity of Top1 is dictated by the composition of the conserved core and C terminus. In contrast, the yeast cell lethality induced by expression of (yL)-hTop1 chimera and the ability of the yeast N-terminal domain to suppress this growth defect imply the coordinated interplay between these poorly conserved domains in regulating hTop1 interactions with DNA or other as yet unidentified proteins or protein complexes in vivo. Further studies to elucidate the physiological context of such protein domain and protein-protein associations, particularly in the context of ongoing DNA replication, will undoubtedly provide critical new insights into the cellular processes that dictate the cytotoxic activity of chemotherapeutics that target Top1.
